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Application of Thin Films of Polyaniline and 
Polypyrrole in Novel Light-Emitting Devices and 

Liquid Crystal Devices 

Alan G. MacDiarmid1 and Arthur J. Epstein2 

iDepartment of Chemistry, University of Pennsylvania, Philadelphia, PA 19104 
department of Physics, Ohio State University, Columbus, Ohio 43210 

Light-emitting electroluminescent devices are described in which the 
conjugated light emitting polymer is separated from one or both of 
the device electrodes by a film of non-conducting polyaniline. Novel 
electrochemically-driven electroluminscent devices are also 
described. The effect on the properties of polypyrrole or polyaniline 
(deposited from aqueous polymerizing solutions of the monomer) 
caused by the hydrophilicity/hydrophobicity of the substrate surface 
is utilized by a "microcontact printing" technique to form patterned 
liquid crystal display devices. 

The ability to cast high quality thin films of conducting polymers from their 
solutions in organic solvents (7,2) or to deposit them on selected substrates from 
aqueous solution (3-5) has permitted their use both in their lowly conducting (<5) and 
also in their highly conducting forms (7) in novel devices. The non-doped 
semiconducting form of polyaniline (emeraldine base ; EB) can, for example, be 
conveniently spin-cast from its solution in N-methylpyrrolidinone (NMP) to produce 
high quality thin films (4,5). Thin cohesive films of polyaniline (4,5) and 
polypyrrole (3,4) in their doped, highly conducting form can readily be deposited on 
selected polymer or glass substrates by a " 1-dip" in situ process from dilute aqueous 
solutions of the monomer where it is undergoing oxidative polymerization. 

In this report, we describe the preparation and properties of certain types of the 
above films and their use in novel electroluminscent and liquid crystal display 
devices and in "microcontact printing". 

Symmetrically Configured AC Light-Emitting (SCALE) Devices 

Light-emitting "5-layer" devices having the configuration M/EB/P/EB/ITO when 
M=A1, Cu or Au, EB=polyaniline (emeraldine base), P=poly(2,5-dihexadecanoxy 
phenyiene vinylene pyridyl vinylene), PPV.PPyV and ITO=indium tin oxide glass 
show electroluminescent properties in both forward and reverse bias modes (6,5-9) 
(Figures 1-3). Furthermore, as shown in Figure 2, the devices can operate with an 
AC applied potential; two light pulses are observed in each cycle. At appropriately 



selected potentials, light emission in the forwardI bia*.mode^^^^ 
M-Al but is more intense in the reverse bias mode when M-Au. When M-Uu tne 
mtlnsities TnX forward and reverse bias modes are approximately the same at 
+~27 V In the absence of the insulating emeraldine base in the case of aluminum 
Ind coooe? electroluminescence is observed only in the forward bias mode; in the 
case ofgold ncelectroluminescence is observed in either forward or reverse bias 

m°dIn order to understand the role of EB, the following devices involving only 
alummum were constructed in which the position ^nu^rtlV^™ 
were varied from zero to one to two, ^^^SÄJÄ 
1"- Al/PPV PPvV/EB/ITO; "4-layers-2": Al/EB/PPV.PPyV/llU, D layef • 
Al/FB PPV PPvV/EB/ITO. The corresponding I/V curves are given in Figure 4 
^^cJ&fs^yvsl device Shows the capablyo op-tin^ m both 
fnrwnrd and reverse bias modes and in an AC mode. In the 5-layers aevice oniy, 
both Lies and dec'rons can be injected from both ITO glass and from A electrodes. 
A*mü^^enom»on is observed when copper is used instead of aluminum in 
anSous ^3-layers" and "5-layers" devices. As can be seen these devices exhibit 
most unusual electrical properties, viz., as the number of insulating layers increases, 
thp tntil resistance of the device at a given potential decreases. A     >    A •* 

Unes   me electrical properties of light emiting devices are first understood i 
J^S   v  hat their electroluminescent properties, which are dependent 

on me Se   nca proVertt    can be completely understood. The possibility must be 
considered thafuS appropriate conditions, EB might act both as a good electron 

polymer/polymer interface may also play a critical role. 

Electrochemically-Driven Light-Emitting Cells 

Flectrochemically-driven light-emitting cells have been reported very recently 
alSh thSe i  no?yet complete agreement as to the exact mechanism or processes 
hv which they operate {10-14). It appears that a p/n junction is initially formed (by 
LtteSÄ- dop ng of a conjugated emissive polymer) in the center of 
thTr^fHr^of Sie coniugated polymer containing a solid electrolyte such as 

UCF.sS d so vedn polyethylene oxide, PEO, sandwiched between two 
electrodes3 It      postulated (70-72) that the small turn-on potentia s observed 
(£proxtLtely eqSal to the energy band gap of the emissive ^er)^n

d.ue
d^ 

firt that the dopant anions and cations associated with the p- and n   «toping 
nrocesses respectively compensate for the charges on the polymer chains. This may 
be «X       convntional LED in which the semiconducting emissive 
nolym?rPlayer I oxidized on one side (holes are injected) and reduced on he o her 
FelecTron   are injected) but in which no doping (injection of counter dopant ions) is 
invoWeS  The electrons and holes are injected by tunneling through the energy 

barThT\^^^ »ei—,d frt
at Al/PPV L CF3SO3 PEO/ITO cell where PPV=poly(p-phenylene vmylene) that it 

behaves Similarly to the conventional Al/PPV/ITO LED device. However, we find 
^T^\MmV?W-^KTmiO cell (75) where TBATS=tetrabutylammonium 

ph duenesulfonate (Figure 5) that it behaves ^ ^^^^^m- 
PPV/ITO device (Figure 6). In particular, the presence of TBAlb. (1) nvolves "&* 
eSon in'he reverse bias mode, (li) results in a much greater light intensity 



clearly visible in the presence of a direct overhead fluorescent light, (iii) results in a 
lower turn on voltage and (iv) that in some, but not all devices, the current is in the 
microampere range rather than in the milliampere range normally associated with a 
conventional LED. We by no means pretend to understand at the present time the 
relative importance of the many possible variable parameters involved, but we 
believe that such devices are of very great scientific interest and of potential 
technological importance. 

"1-Dip" in situ Deposition of Polypyrrole and Polyaniline on Hydrophobie and 
Hydrophilic Glass Surfaces. 

High quality thin films of doped polypyrrole and doped polyaniline can be 
conveniently deposited during a few minutes at room temperature on glass and 
plastic substrates from dilute aqueous solutions of the respective monomer as it 
undergoes oxidative polymerization (3-5,15). We find that the deposition rate and 
the properties of the films are greatly dependent on the nature of the substrate 
surface e.g., whether deposited on hydrophilic or hydrophobic surfaces. 

Glass microscope slides may be readily rendered hydrophilic ( advancing water 
contact angle < ~ 5° ) by treatment with a hot concentrated sulfunc acid/30% 
hydrogen peroxide mixture or hydrophobic ( advancing water contact angle -110°) 
by a standard treatment involving exposure to ~ 0.4 wt%   hexane solution of 

18 FiguresV and 8 show the result of deposition studies involving polypyrrole (15) 
and polyaniline respectively in which treated glass microscope slides were dipped in 
the same solution of polymerizing monomer for the same length of time. In both 
cases the rate of deposition of polymer on the hydrophobic surface is very much 
greater than on the hydrophilic surface. We believe that this may be related to the 
"like dissolves like" principle, i.e., some of the covalent monomer is preferentially 
adsorbed from the aqueous solution on to the covalent C18H37- film coating the 
surface more so than on to the polar hydrophilic glass surface, thus favoring more 
rapid polymerization on the hydrophobic surface. For both polymers, adhesion is 
stronger to the hydrophilic surface, the films passing the "Scotch Tape" test. 

Not surprisingly, the surface resistance of the thinner films on the hydrophilic 
surfaces is very much greater than that of the thicker films deposited on the 
hydrophobic surfaces. It is also possible that the conductivity of the films deposited 
on the hydrophilic and hydrophobic surfaces may differ from each other. This 
possibility is presently being investigated. 

As can be seen from Figure 7, the spectra of the polypyrrole films deposited on 
hydrophilic and hydrophobic surfaces differ greatly, the peak at 1182 nm tor 
example in the former spectrum being absent in the latter spectrum which instead 
shows a well defined free carrier tail extending to 2600 nm. By analogy with studies 
on polyaniline (16), we believe that the polymer deposited on the hydrophilic 
surface might have a tight coil molecular conformation while that deposited on the 
hydrophobic surface might have an expanded coil molecular conformation. 

It can be seen from Figure 8 that the spectra of the polyaniline films differ, 
although not as greatly as for the polypyrrole films, according to whether it is 
deposited on hydrophilic or hydrophobic surfaces. It should be noted that different 
dopant anions were used for the polypyrrole and polyaniline films. On-going studies 
suggest that the two polymers may behave even more similarly when they both have 
the same dopant anion. 

Flexible Liquid Crystal "Light Valves" 



Novel flexible completely organic, polymer dispersed liquid crystal (PDLC) "light 
valve ' w fobrXd using two flat pieces of eommeretal overhead transparency 
lubstates (Nashua xf20) coated with polypyrrole between which a f.im of 
substrates t«™""   J     > ,    d prodücts Co. N0A 65 optical adhesive and 
BDHTICI! E7°qni^Trysta!'fluid together with EM Ind. 15 micron polystyrene 
f^erifl was sandwiched The optical adhesive was polymerized by exposure to UV 
X    ThinConducting polypyrrole films of varying controllable thickness were 

^ttuT^Ztltn^c^ displays it is necessary to optimize the 

thtctaessTf Col    yrrole depos/so as to ^^iflf'cZ^:^ 

wT i compSely flexible   all organic light valve using polypyrrole as the 
ronductinHeLm for both electrodes (77). A PDLC device using conducting ITO 
?n« fnr hnTh.electrodes was used as a standard for comparison. The results are 

fatSactoX such aS ^^, —breakable windows of 
variable transmittance. 

Application of "Microcontact Printing" for the Production of Patterned 
Polypyrrole and Polyaniline Films 

We are combining the selective deposition of polypyrrole and polyaniline on 

polymer films which we have demonstrated can be used in PDLC display type 

deViAkev objective of the collaborative research with G. M. Whitesides and Y. Xia 
.Harvard UnWeSy) is to determine the maximum resolution of polyaniline and 
SL^^lLun^ using only simple, commonly avai ab c^™^ 
f P ? desk-ton computer and a standard spectrometer plotter, (resolution ~ 25 urn). 
The  te"skcÄ'(i> designing any desired pattern on the computer,  n  reducing 

SSK ÄÄ« Ä" < IP- ^ weight) on top of the wax 
enSravingto a depth of 5-10 mm, (ix) allowing the mixture to polymerize  cthe 

r ™i "i,,,!,, durim; - 3 days at room temperature,  x  removing the silicone 
tlärfrom hrwax-enggraved pattern and discarding ( it has the wax "scrapmgs 
orotaedTn he engraving of the pattern adhering to it, (xi) repeating step (vm) and 

C,XS in n-hexane, (xiv) evaporating the n-hexane in a stream of nitrogen for 



~ lmin., (xv) pressing the stamp firmly for ~ 10 seconds on the substrate surface so 
as to imprint a pattern of a thin hydrophobic Ci8H37- film on the substrate, (xvi) 
immediately cleaning the stamp by rinsing it with cotton soaked in n-hexane, (xvn) 
placing the substrate having the imprinted C18H37-   layer in to the appropriate 
dipping solution. . 

An example of an SEM of.polyaniline.HCl selectively in jim-deposited (5.5 
min. dipping time) on an ~ 100 urn wide hydrophobic Ci8H37- line imprinted on a 
clean , hydrophilic microscope slide is given in Figure 10. 

Examples of the selectivity of polypyrrole 1-dip, in situ, deposition are given in 
the SEMs in Figure 11. Dark lines are polypyrrole selectively deposited on 
hydrophobic C18H37- surfaces imprinted on a clean, hydrophilic microscope slide as 
substrate. The upper three figures (Figures 11a) originated from a desk-top 
computer-drawn pattern used for producing the wax engraved master; the deposition 
time in the polymerizing pyrrole solution was 12.0 min. Preliminary studies directed 
towards optimizing both the selectivity of deposition and resolution using the wax 
engraving technique are very encouraging. The lower two figures (Figures lib) 
demonstrate the resolution attainable using a commercial relief master from which 
the silicone stamp was made. Our objective is to attain these types of results using 
the (non-lithographic) wax engraving technique. Since the silicone stamps can be 
used repeatedly without loss of resolution (18-19), this technique holds potential 
promise for the inexpensive production of semi-micro circuitry and liquid crystal 
displays on rigid or flexible substrates in certain types of "throw away" devices such 
as, e.g., sensors. 

As an example, an effective polymer dispersed liquid crystal interdigitated array 
display has been fabricated by combining the concepts and techniques given in the 
"Flexible Liquid Crystal Light Valves" section with those given in this section. A 
thin interdigitated polypyrrole display pattern was deposited on a glass microscope 
slide as described above from the computer designed pattern given in Figure 12. Its 
thickness was chosen so that its optical transmittance and surface resistance were 
appropriate for liquid crystal display purposes. The PDLC mixture was sandwiched 
between the microscope slide (the polypyrrole pattern acting as one electrode) and 
ITO coated glass which acted as the other electrode. When placed on an overhead 
projector, the whole device produced a dark image on the screen. Application of an 
AC potential to the ITO/glass electrodes and one half of the pattern, produced a 
clear bright image of that half of the pattern, strong light passing through the semi- 
transparent polypyrrole line electrodes. Application of the potential to both 
polypyrrole electrodes resulted in both halves of the interdigitated polypyrrole array 
appearing as a white pattern on a black background on the projector screen. This 
dramatically demonstrates the large difference in surface resistance between 
polypyrrole deposited on hydrophobic vs. hydrophilic surfaces as described in 
Figure 7. 

Conclusions 

It is concluded that thin films of conducting polymers such as polyaniline and 
polypyrrole, whether in their highly or lowly conducting forms, whether cast from 
their solutions in organic solvents or deposited from solutions of the polymerizing 
monomer are of both fundamental scientific interest and of possible technological 
use for certain applications. However, much still remains to be understood 
concerning the role of conjugated polymers in various light-emitting devices and the 
effect on their properties induced by the nature of the substrate surface on which 
they are deposited. 
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Figure 1. I-V characteristics of SCALE devices using (A) Al, (B) Cu and (C) 
Auas the electrode. 

Figure 2 Electroluminescence intensity as a function of time tor a 
metal/EB/PPV.PPyV/EB/ITO device driven by a 1 Hz sinusoidal voltage: metal 

(a) Al from ± 8 V, (b) Cu from ± 27 V and (c) Au from ±8V. 

Fieure 3. Electroluminescent spectra of a Au/EB/PPV.PPyV/EB/ITO device in 

forward and reverse bias modes at ~ ± 8 V. For clarity, the intensity in the 

forward mode (k^ = 585 nm) has been normalized to approximately the same 

intensity as in the reverse bias mode (K^ = 616 nm). 

Figure 4. I-V characteristics of 3-layered, 4-layered and 5-layered devices. 

Figure 5. Current density and intensity of light emission vs. voltage in a 
Al/MEH-PPV+TBATS/ITO device. 

Figure 6. I-V characteristics of a Al/MEH-PPV/ITOdevice. 

Figure 7 Vis/uv spectra of polvpyrrole anthraquinone-2-sulfonate deposited 
(dipping time: 15 minutes) on (A) a hydrophobic glass surface (him thickness 
-400 A) and (B) a hvdrophilic glass surface. (Spectrum A was recorded vs. a 
hvdrophobic glass slide in the spectrometer reterence beam and spectrum a 
was recorded vs. a hvdrophilic glass slide in the spectrometer reterence beam). 

Figure 8. Vis/uv spectra of polyamline.HCl  deposited   (dipping   time.  5^5 
minutes) on (A) a hvdrophobic glass surface (film thickness- 1200 A) and (b) 
a hydrophilic glass' surface. (Both spectra were recorded vs.    as-receiveü 
glass microscope slides in the spectrometer reference beam). 

Figure 9 Relationship between transparency (% transmittance in air at 600 nm) 
and applied voltage of polymer dispersed liquid crystal display devices 
constructed using two ITO glass electrodes and two polvpyrrole film (on 
plastic) electrodes as the conducting transparent substrates. 

Figure 10. SEM of polyamline.HCl selectively deposited by a "1-dip" process 

on a-100 urn wide line of hydrophobic C18H37SiCl3 substrate. 



? 

Figureil. Selective deposition of polypyrrole on  patterned  hydrophobic 
surface. 

Figure 12. Computer  constructed and computer   reduced  (17mm x 17mm) 
interdigitated array. 
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